The paper describes the use of MinIMU-9 v3 sensors to determine changes in the position of a cheap, stabilised optoelectronic gimbal for unmanned aircraft systems. The sensors calibration process, the influence of temperature changes on their readings, and recommendations that should be considered during assembly were presented.
Introduction
The rapid development of unmanned aircraft systems and their growing affordability increase the demand for cheap and reliable sensors carried on their boards. The sensors, mostly visible light and infrared cameras, are often installed on stabilising platforms, in many cases in the form of a closed gimbal protecting the sensors from the effects of the external environment. In order to make the picture from the gimbal stable, it is necessary to ensure that the control system dynamically reacts to any unwanted camera movement. For this purpose, it is required to specify not only its pitch, roll, and yaw in relation to the reference frame, but also velocities and direction of made changes in the position for each of the planes. Multi-axis MEMS sensors (Micro Electro-Mechanical System) allow to measure these parameters with the measuring error of tenths of a degree. It should be noted that this accuracy allows for a drastic reduction of the effects of vibrations, but not their total neutralisation. Nevertheless, within cheap structures, which use optical sensors of short focal length, they are an obvious choice because of the price, size, and ease of implementation. Issue 36, pp. 139÷146, 2015 10.1515/afit-2015-0020
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Determination of changes in the position of an object
In order to effectively estimate the changes in the object's orientation in three-dimensional Cartesian space, the merger of measurement data from sensors of different types -a gyroscope, an accelerometer, and a magnetometer -is necessary. The angular velocity measurement provides reliable traffic data in the case of dynamic changes in the position. However, due to the distinct component of temporal and temperature drifts, it is characterised with a low accuracy at slow motion. For slow motion, it is necessary to apply, depending on the axis of rotation, a velocity or magnetic field strength sensor. In order to determine the changes in pitch φ (Fig. 1 ) and roll θ, gravitational acceleration component measurements are conducted. Momentary pitch and roll of the head are determined from properties (1) and (2) [5] . The deviation in a function of time is obtained in the process of merging the integrated angular velocity obtained from the gyroscope and a temporary position in the space designated from the gravitational acceleration components. The deviation in a gravity field cannot be determined using the accelerometer. Therefore, in order to designate the movement in the Z plane, the magnetic field strength sensor is used. The property (3) specifies its position [4] .
where: ψ -yaw angle, B x , B y -calibrated readings from particular axes of the Earth's magnetic field sensor.
The signals obtained from the MEMS sensors underwent high and low pass filtration. On the low-pass filter inlet, information about the angles of accelerations designated on the basis of the acceleration and magnetic field strength sensor is given. On the inlet of the high-pass filter, information about the angles calculated on the basis of the angular rotation sensor is given (Fig. 2) [3] . In order to merge the obtained values, a complementary filter is used. It allows for precise determination of the object's movement regardless of its position in space and the performed manoeuvre. A summation of particular components takes place according to the dependencies (4).
where: α n -deflection angle in n iteration, η -weight measurement, ω -angular velocity, Δt -sampling period, a -angle of rotation of the accelerometer/magnetometer. 
Sensors calibration
The use of the inertial MEMS sensors to determine the changes in the position of the object in space requires previous calibration in order to assign the specified acceleration values, angular deviation, and magnetic field strength to the obtained readings. The indications are influenced by a series of factors [1, 2] , such as:
• temporal and temperature drift,
• movement in relation to the zero level,
• change in sensitivity in relation to the other axes,
• noise bandwidth,
• measurement non-linearity, • external interferences.
Each sensor axis must be subject to separate tests for the presence of the above mentioned interferences. During calibration of the gyroscope, primarily, the movement in relation to the zero level and the temperature dependencies should be taken into account. For each axis, in order to determine the zero level calibration's error, a series of measurements at 25°C must be performed. Depending on the type of sensor, the obtained value must be entered into the register of the device or a software correction must be made. Change in the L3GD20H gyroscopes' sensitivity depending on the temperature, according to the documentation [1] , is ± 2% at 40 o C÷85 o C, and the deviation in relation to zero at the level of ± 0.04°/s for every 1 o C. Fig. 4 shows the temperature drift of the tested sensor. (Fig. 5) . On this basis, the degree of scale offset from the change in the readings' sensitivity is calculated. The ambient temperature has a noticeable impact on the obtained values. According to the documentation [2] , the change in the zero position depending on the temperature for the LSM303D accelerometer is ±0.6 mg/°C, while the sensitivities are ± 0.01%/°C. Figure 6 shows the temperature drift obtained on the basis of the studied model. During the mounting of the magnetometer, it should be ascertained that the plate with sensors would not be placed in the immediate vicinity of ferromagnetic materials because of the static magnetic field generated by them. In order to determinate disproportions in relation to particular axes and the centre offset, the flat-placed sensor should be rotated around the axis by 270° indicating the North, the East, the South, and the West in this order. The reading on the channel X should be maximum when the compass points the North and minimum when it shows the South. The reading Y should be minimal in an easterly direction and maximum in a westerly direction (Figs. 7, 8) . The values on the axis Z should remain unchanged. This process should be repeated after reversing the sensor.
Fig. 8. Magnetometer indications before calibration
As in the case of the accelerometer and the gyroscope, the ambient temperature also has a significant impact on the work of the magnetic field strength sensor. The deviation in relation to zero of the LSM303D magnetometer according to the documentation of the system [2] is ±0.9 mGs/°C, while the change in the sensitivity is ±0.05%/°C%. The impact of the temperature on the tested sensor is illustrated on Fig. 9 . 
Conclusion
None of the discussed sensors provides full information about the position of the object. Each of them delivers partial data about orientation in space that are reliable only under certain conditions. At small values of the angular velocities, noise, temperature and temporal drift will be non-negligible components of the data transmitted by the gyroscope. These interferences should be minimised, but they will not be removed completely. The gravitational acceleration also consists of the object's acceleration; therefore, in the case of dynamic movement, the reliability of the accelerometer's measurement is low. In the case of the magnetometer, it is possible to estimate the magnetic field values entered by the ferromagnetic materials and its software compensation. However, it is advisable to reduce the impact of materials' interference occurring near the measuring sensor - limitation of the number of wires in its immediate vicinity or their shielding. The wire, through which the current flows, produces cylindrical magnetic field that fades inversely proportionally to the square of the distance. Only the appropriate calibration of each of the sensors and merger of their measurements using filters allows for precise determination of the position of the object, regardless of the manoeuvre performed by it.
